etc. Stein and Scott 3 and Hisayuki et al. 12 examined the performance of the composite measure with other measures using the National Institute of Standards and Technology (NIST) mass database and MassBank database, respectively, and demonstrated that the composite measure performed better than other methods.
Even though various spectrum similarity measures have been developed for compound identification, the existing compound identification methods still generate a high rate of false-positive and false-negative identifications, 13 resulting from the significant enrichment of the reference spectral library and the increased sample complexity. A large spectral library increases the chance that the mass spectrum of the true compound is included in the library. However, it also increases the chance that more spectra originated from different compounds are similar, which requires high sensitivity and accuracy of the spectrum-matching algorithms to pick the spectrum of the true compound from the similar spectra of a large number of compounds. With the remarkable updates of the GC/MS database during the past few years, prospective trials are therefore required to confirm the results made in previous studies with the updated database as well as to develop novel algorithms to overcome the issues in the existing compound identification methods.
The objective of this work was to develop novel similarity measures of mass spectra based on wavelet and Fourier transforms. The discrete Fourier transform (DFT) converts the discrete time domain signal into a series of frequency coefficients. The discrete wavelet transform (DWT) shares the same properties as the discrete Fourier transform except that the output of its transform contains both time and frequency information. 14À16 We further examined the performance of the proposed approaches using two types of measures: simple and composite similarities. Cosine correlation, cosine correlation with weighted intensities (weighted cosine correlation), the ratio of an intensity pair, and cosine correlation with wavelet/Fourier-transformed intensities (wavelet/Fourier cosine correlation) are defined as the simple similarity measures. The composite similarity is a mixture of two simple similarities. All the simulations were rendered ABSTRACT: The high-throughput gas chromatography/mass spectrometry (GC/MS) technology offers a powerful means of analyzing a large number of chemical and biological samples. One of the important analyses of GC/MS data is compound identification. In this work, novel spectral similarity measures based on the discrete wavelet and Fourier transforms were proposed. The proposed methods are composite similarities that are composed of weighted intensities and wavelet/Fourier coefficients using cosine correlation. The performance of the proposed approaches along with the existing similarity measures was evaluated using the NIST Chemistry WebBook mass database maintained by the National Institute of Standards and Technology (NIST) as a library of reference spectra and repetitive mass spectral data as query spectra. The analysis results showed that the identification accuracies of the wavelet-and Fourier-transformbased methods were improved by 2.02% and 1.95%, respectively, compared to that of the weighted dot product (cosine correlation) and by 3.01% and 3.08%, respectively, compared to that of the composite similarity measure. The improved identification accuracy demonstrates that the proposed approaches outperformed the existing similarity measures in the literature.
Analytical Chemistry ARTICLE using the NIST Chemistry WebBook mass database as a library of reference spectra and the repetitive mass data as query spectra.
' MATERIALS AND METHODS
NIST Mass Spectrometry and Repetitive Database. The NIST Chemistry WebBook service (http://webbook.nist.gov/ chemistry/) provides users with chemical and physical information for chemical compounds, including mass spectra generated by electron ionization mass spectrometry. 17 The mass spectra of 21 310 compounds were extracted from this NIST Chemistry WebBook database out of 72 618 chemical compounds since the mass spectra of other compounds were not available. The fragment ion m/z values ranged from 1 to 1036 with a bin size of 1.
The repetitive library contains 28 307 mass spectra generated by 18 569 compounds. The same chemical compounds are identified and grouped by Chemical Abstracts Service (CAS) registry number. Interestingly, although it was constructed by repetitive experiments for the same compound, we found that 61% of the compounds recorded in the repetitive library have only one mass spectrum. Table S-1 (Supporting Information) shows the detailed distribution of the mass spectra in the repetitive library.
In the simulation studies, we considered the mass spectra extracted from the NIST Chemistry WebBook (NIST library) as a reference library and the repetitive library as query data. In addition, since we assume that the NIST library has the mass spectrum information for all the query compounds, all the compounds that were not present in the NIST library were removed from the repetitive library. After the removal, there were 12 025 compounds with 20 441 mass spectra left in the repetitive library. The distribution of the filtered mass spectra in the repetitive library is shown in parentheses in Table S-1, Supporting Information. The largest reduction of the number of compounds occurred for the cases in which the number of repetitive mass spectra of a compound is 1 and 2 as can be seen in Table S-1.
Peak Intensity Weighting. Stein and Scott 3 evaluated the importance of m/z values and peak intensities with different weights. The peaks with large m/z values usually have small peak intensities, but carry the most important characteristics for compound identification. Therefore, weighting the peak intensity on the basis of its m/z value can increase the relative significance of smaller peaks as well as their contribution to compound identification, resulting in improving the performance of compound identification. The weighted peak intensity is represented as
where a and b represent the contribution of the m/z value and the peak intensity, respectively. Stein and Scott 3 suggested cosine correlation with an optimal intensity scaling of 0.5 (i.e., b = 0.5) and mass weighting of 3 (i.e., a = 3). These two values for the weighting factors a and b were employed in this study as well.
Performance Evaluation. To evaluate the performance of compound identification of each similarity measure, we calculated the accuracy, precision, recall, and F1 score. The accuracy is the proportion of the spectra identified correctly in query data. In other words, if a pair of unknown and reference spectra have the same CAS index, we consider this pair as the correct match and if otherwise as the incorrect match. Then by counting all the correct matches, the accuracy of identification can be calculated by accuracy ¼ number of spectra matched correctly number of spectra queried ð2Þ
The precision is also called the true-positive rate and the recall the predictive-positive rate. The F1 score is the harmonic mean between the precision and recall. The precision, recall, and F1 score in this study are calculated as follows:
where TP is the number of true positives, that is, the number of spectrum pairs having the same compound CAS information, FP is the number of false positives, that is, the number of spectrum pairs having different compound CAS information, TN is the number of true negatives, and FN is the number of false negatives. All the simulation studies and analyses were performed using the wavelet, parallel computing, and statistical toolboxes in Matlab R2011a software.
' THEORETICAL BASIS
Let us consider the two signals X = (x 1 , x 2 , ..., x n ) and Y = (y 1 , y 2 , ..., y n ), which are the unknown and reference mass spectra, respectively. To calculate the spectrum similarity of these two mass spectra, we considered both the cosine correlation and the composite measure using weighting and DFT/DWT transforms of the mass spectra.
Cosine Correlation. Cosine correlation, which is also known as the dot product, 3 is a measure of correlation between two signals using the cosine value of the angle and is defined as follows:
where X°Y = ∑x k y k and )
Then its value ranges from À1 to +1 theoretically, but it is always greater than or equal to zero since all the intensities are non-negative.
Stein and Scott's Composite Similarity. Stein and Scott 3 proposed a composite similarity measure of cosine correlation with weighted intensities, S w , and peak ratios, S r . Cosine correlation with weighted intensities, S w , can be calculated by
In eq 7, X w = (x 1 w , x 2 w , ..., x n w ) and Y w = (y 1 w , y 2 w , ..., y n w ) are the weighted intensities based on eq 1 and
where z i is the m/z value of kth intensity, k = 1, 2, ..., n, and a = 3 and b = 0.5 are the weight factors that were optimized by Stein and Scott. 3 We call the cosine correlation with weighted intensities the weighted cosine correlation. The ratio of peak pairs, S r , is defined by
where n = +1 or À1 if the term in parentheses is less than or greater than unity, respectively, and N X∧Y is the number of peaks with nonzero peak intensity in both the reference and the unknown query spectra. Using S w and S r in eqs 8 and 9, their composite similarity is then defined as
where N X and N X∧Y are the number of nonzero peak intensities existing in the unknown query and in both the reference and the unknown query spectra, respectively. Discrete Fourier Transform. The DFT 18, 19 is a special case of Fourier transform, which is an operator mapping the original time signal function into a series of frequencies. Fourier transform decomposes time domain functions into periodic functions. Its series of frequencies are called the frequency domain representation of the original signal function, which is often a function in the time domain. However, the DFT requires a discrete input function whose nonzero values have a limited (finite) duration.
In general, a signal X = (
by the DFT according to the following formula:
where i is the imaginary unit and exp
Therefore, the real, imaginary, and absolute DFTs of a signal X can be calculated by the following equations:
absolute DFT : X fa ¼ ðx 
Discrete Wavelet Transform. The DWT 20,21 is a wavelet transform that converts a discrete time domain signal into a timeÀfrequency domain. As with other wavelet transforms, a key advantage of DWT is temporal resolution; i.e., it captures both frequency and location information in time. The DWT of a signal X = (x 1 , x 2 , ..., x n ) is calculated by passing it through a low-pass filter g and a high-pass filter h, resulting in two subsets of signals: approximations and details. The approximations are the highscale and low-frequency components of the signal X after passing the high-pass filter. The details are the low-scale and highfrequency components after passing the low-pass filter. The coefficients of approximations and details are defined by the following expressions:
where g and h are low-pass and high-pass filters, respectively. Then the approximation and detail DWTs of a signal X are as follows, respectively: 20 whose scaling function has an order of 4. Simple and Composite Similarities. We considered two types of similarity measures: simple and composite similarities. The simple similarity calculates the similarity scores of two mass spectra using cosine correlation. The composite similarity calculates the similarity scores between two mass spectra on the basis of the approach of Stein and Scott 3 in eq 10. As for the simple similarity, we employed DFT/DWT transforms and then added five types of mass spectra transformed along with the weighted intensities and the ratio of peak pairs. The five types are real, imaginary, and absolute DFT transformed intensities and approximation and detail DWT transformed intensities as described in eqs 12À16. In addition, we replaced the ratio of peak pairs with five DFT/DWT transformed intensities in the composite similarity of eq 10 and then developed five composite similarities.
The simple and composite similarities and their abbreviations between two signals, X and Y, are listed in the Glossary.
In detail, the main difference among these composite similarities is the second part of eq 10. For instance, W+DFT.R and W+DWT.D are constructed by replacing the second part, RstC, of eq 10 with DFT.R and DWT.D, respectively, and so are defined by
and
respectively, where Z fr (Z vd ) is the real part of its DFT (the detail part of its DWT) of a signal Z.
' RESULTS
The simple and composite similarities, including the novel DFT/DWT-based similarity measures, were implemented using the NIST mass database as a reference library and the repetitive library as query data to evaluate the performance of each approach for the compound identification. The performance was compared on the basis of the accuracy, precision, recall, and F1 value as described in the Materials and Methods.
The accuracies of all the similarity measures were investigated by counting the number of spectra identified correctly as depicted in Table 1 . Since the compound identification was done using all data present in the reference library and the repetitive library described in the Materials and Methods, no standard error of the accuracies was calculated in Table 1 . Therefore, to take into account the variation in accuracy, we considered the accuracy of compound identification according to the three levels of rank, similar to Stein and Scott's work. 3 Note that the library compound having the highest similarity score has rank 1. In the case of the simple approach, WC outperformed other simple similarities. In particular, DFT/ DWT-based simple similarities had lower accuracies than WC. This may be because WC used weighted intensities, while DFT/DWT-based methods employed intensities without weighting. For this reason, we calculated the accuracies of CC without weighting the intensities to see the effect of weighted intensities and obtained the accuracies which are in Table 1 . In this case, DFT.R showed larger accuracy than the others, excluding WC. However, although DFT.R has a better performance than CC, CC will be more attractive than DFT.R since DFT.R requires one more process.
To construct the composite similarities, we considered CC with weighted intensities, i.e., WC, since it performed the best. Using the weighted cosine correlation, WC, we examined the performance of the compound identification of six composite similarities as shown in Table 1 . The DFT/DWT-based composite similarities outperformed W+RstC, with W+DFT.R and W+DWT.D performing the best. These two transformation methods improved the identification accuracy of W+RstC by 3.01% and 3.08% when rank 1 was considered. To examine the variation of the compound identification that may be caused by the size of the query spectra, we further evaluated the performance of the proposed methods 100 times by randomly selecting a half-size of the query spectra. In this case, we used the five similarity measures CC, WC, W+RstC, W+DFT.R, and W+DWT.D. Then we calculated the average, standard deviation (SD), and 95% confidence interval (CI) of the accuracy of compound identification as shown in Table S-4 in the Supporting Information. We observed the same conclusion as listed in Table 1 . In addition, the proposed methods were significantly different from the existing methods in terms of 95% CI.
A threshold of the spectrum similarity is usually used to determine whether an identification result is acceptable, meaning that the similarities larger than the threshold are considered as acceptable identifications while the similarities less than the threshold are discarded. In other words, a mass spectrum pair is classified as positive if their spectral similarity is higher than the threshold, and if otherwise, it is classified as negative. We examined this practical calculation by employing different thresholds to the mass spectral similarity. Since we already observed that W+DFT.R and W+DWT.D have better accuracies than the others in Table 1 , we employed only these two proposed similarity measures, including WC and W+RstC, for this examination.
The precisionÀrecall plot is depicted according to the different thresholds of the spectrum similarity between 0 and 1 as shown in Figure 1 . In general, the larger the precision and recall, the better the method in the precisionÀrecall plot. It can be seen that the DFT/DWT-based similarities perform better than WC when the threshold is near zero. The green circle and triangle represent thresholds of 0.9 and 0.1, respectively. In particular, WC, W+DFT.R, and W+DWT.D have a small distance between the two thresholds 0.9 and 0.1, while W+RstC has a much longer distance between 0.9 and 0.1. This suggests that W+RstC is sensitive to the threshold of mass spectral similarity. Figure 2 is the F1 score plot with different thresholds. It is clear that W+DFT.R and W+DWT.D performed better than WC and W+RstC for almost all thresholds. Interestingly, the accuracy of W+RstC is suddenly decreased after the threshold of 0.8, while WC has a trend similar to those of W+DFT.R and W+DWT.D, although its accuracy generally is not better. Moreover, W+RstC has an F1 score near zero when the threshold is equal to 0.95. This explains that it has a much longer distance between the two thresholds 0.9 and 0.1 observed in Figure 1 .
Some compounds have spectral information equal to or greater than two repetivie spectra, while some compounds have only one mass spectrum in the repetitive spectral library. The accuracies in Table 1 were calculated on the basis of the total number of spectra identified correctly. Therefore, the accuracies in Table 1 could be biased to some specific compounds. To investigate this bias, we calculated the number of compounds identified correctly for WC, W+RstC, W+DFT.R, and W+DWT.D in Table S-2 (Supporting Information). In this case, we considered a compound as identified correctly if at least one of the repetitive spectra had the same CAS number as a compound in the reference library. It can be seen that W+DFT.R and W+DWT.D identified more compounds than WC and W+RstC in Table S-2. We further removed the compounds that have two or more repetitive spectra and then calculated the number of compounds correctly identified on the basis of compounds that have only one spectrum replication. Even in this case, W+DFT.R and W+DWT.D still have the largest number of compounds among the others as shown in Table S -2, which suggests that the preference of a compound with multiple mass spectra in the query library does not affect the identification accuracy. a On the basis of the number of spectra correctly identified in the repetitive library, the accuracy (%) of compound identification is calculated.
The cases having the maximum F1 score are reported in Table  S -3 (Supporting Information). In this table, W+DWT.D shows the highest F1 score, and the lowest F1 score occurred when W+ RstC was employed. The threshold when the maximum F1 scores are observed ranges between 0.51 and 0.58, except for the threshold of W+DWT.D, which is 0.69. It should be noted that the accuracies of WC, W+RstC, and W+DFT.R in Table 1 are the same as the F1 scores of these similarities in Table S-3, because the precision and the recall have scores very similar to each other, and the maximum of the harmonic mean occurs when the two values are the same.
The Venn diagram analysis was performed to examine the contribution of similarity measures to compound identification as shown in Figure 3 . Note that the number in each cell is the number of spectra (compounds) correctly identified, and its percentage is in parentheses. The Venn diagram of four simple similarities is depicted in Figure 3a . Clearly, we can see that the contribution of RstC to compound identification is much smaller than that of DFT/DWT-based methods (0.1% vs 7.59% (= 1.02% + 5.52% +1.05%)). On the other hand, DFT/ DWT-based methods identified much larger numbers of spectra common with WC than RstC (65.62% (= 3.55% + 59.98% + 2.08%) vs 0.26%). Moreover, the contribution of the composite similarities to compound identification was investigated as shown in Figure 3bÀd . Surprisingly, W+RstC contributed more to compound identification than DFT-and DWT-based methods (6.82% vs 1.01% and 1.03%). Nevertheless, the amount that was not identified by the simple and the composite similarities on WC is 2 times larger for RstC than for DFT-and DWT-based methods (8.06% vs 3.51% and 3.69%).
According to ranks 1, 2, and 3, the Venn diagram was also considered for WC and three composite similarities, W+RstC, W+DFT.R, and W+DWT.D, in Figure 4 . Although W+RstC is the worst composite measure when rank 1 is considered in Table 1 , it has a larger number of spectra that can be correctly identified only by itself than that of DFT/DWT-based methods (3.26% vs 2.58% (= 0.3% + 1.86% + 0.42%)) as shown in Figure 4a . However, W+DFT.R and W+DWT.D identified larger amounts of spectra which were identified by WC than W+RstC, resulting in the highest accuracy in compound identification. The Venn diagrams were further drawn for ranks 2 and 3 in Figure 4b ,c. As shown in Figure 4 , as the rank goes to 3, the number of spectra that are identified only by DFT-and DWTbased methods increases and becomes bigger than that of RstC (0.85% (= 0.11% + 0.74%) and 0.90% (= 0.74% + 0.16%) vs 0.83%, in Figure 4c ).
' DISCUSSION AND CONCLUSIONS
Novel simple and composite mass similarity measures were introduced using DFT/DWT-based methods. and their performances in compound identification were compared using the mass spectra extracted from the NIST Chemistry WebBook as a library of reference and the repetitive data as a set of query spectra.
The cosine correlations for both WC and W+RstC were calculated with weighted intensities using the optimal factors reported by Stein and Scott. 3 When the weighted intensities were used along with cosine correlation, the performance of CC in compound identification was significantly improved. That of W+RstC was decreased slightly, however, as can be seen in Table 1 . Namely, W+RstC shows a worse performance than WC, which conflicts with Stein and Scott's work, 3 where W+RstC always performed better than WC (see, for details, Tables 2 and  3 in ref 3) . Therefore, this discrepancy may suggest that the optimal factors vary according to the mass spectrum library and experimental conditions.
On the other hand, W+DFT.R and W+DWT.D performed better than WC, which is consistent with Stein and Scott's work in the sense that the composite measure improves the performance of compound identification. Moreover, it was observed that the DFT/DWT-based simple similarities DFT.R and DWT.D share a lot of spectra identified correctly with WC while RstC shares a few spectra identified correctly with WC in Figure 3a . This implies that DFT/DWT transforms can reduce the sensitivity of WC to the optimal factors by maintaining the innate properties of the intensities before weighting.
The simulation studies show that DFT/DWT-based composite approaches can correctly identify ∼3% more spectra than Stein and Scott's composite approach (i.e., W+RstC) when the NIST mass spectrum and repetitive libraries are applied. This is because DFT/DWT-based composite approaches recover 4% more information for WC than W+RstC as can be seen in Figure 4a . This clearly demonstrates that DWT/DFT transforms can recover the different information from RstC. This means that both the unweighted and weighted intensities play an important role in identifying the compounds so that the composite measure is indispensible for the compound identification to take into account both characteristics of the unweighted and weighted intensities. However, in Stein and Scott's composite measure, RstC has an issue that its similarity can decrease as the number of pairs of nonzero intensities increases since it is a product of the values less than 1, so that it tends to match the spectrum having a lower number of nonzero intensities. For these reasons, the proposed composite approaches may be able to identify more compounds correctly than other approaches.
Moreover, the proposed composite methods are more efficient than the literature-reported composite measure in terms of computation time. WC, W+RstC, W+DFT.R, and W+DWT.D require 8.9, 13 113.1, 38.4, and 47.8 s for compound identification using the NIST library and the repetitive library. All experiments are performed on an Intel Core i7 X990 running at 3.47 GHz with a 12 GB main memory.
The point of interest here is that although W+RstC has less identification accuracy than DFT/DWT-based composite approaches, it has a larger amount of spectra identified only by itself than those of W+DFT.R and W+DWT.D in Figure 4a (rank 1) . Meanwhile, when rank 3 was considered, W+DFT.R and W+DWT. D obtained a greater number of spectra identified only by themselves than that of W+RstC in Figure 4c , resulting in 95.67% and 95.59% identification accuracies, respectively, which are 1.22% and 1.14% more than that of W+RstC as observed in Table 1 . This suggests that DFT/DWT-based transforms have more potential to reduce the false-positive rate than the literature-reported composite measure. WC weighted cosine correlation, S w (X,Y) = S c (X w ,Y w ), that is, cosine correlation with weighted intensities based on eq 7 RstC Stein and Scott's ratio of peak pairs, S r (X,Y), with unweighted intensities based on eq 9 DFT.R cosine correlation using the real part of DFT, S c (X fr ,Y fr ), with unweighted intensities based on eq 12 DFT.I cosine correlation using the imaginary part of DFT, S c (X fi ,Y fi ), with unweighted intensities based on eq 13 DFT.A cosine correlation using the absolute part of DFT, S c (X fa ,Y fa ), with unweighted intensities based on eq 14 DWT.A cosine correlation using the approximation part of DWT, 
